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Generation of millimeter-wave sub-carrier optical pulse by
using a Fabry-Perot interferometer
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A novel scheme is proposed to transform a Gaussian optical pulse to a millimeter-wave (mm-wave) fre-
quency modulation pulse by using a Fabry-Perot interferometer (FPI) for radio-over-fiber (ROF) system.
It is shown that modulation frequency of mm-wave is determined by the optical path of the Fabry-Perot
(F-P) cavity, and amplitude decay time and energy transfer efficiency are related to the reflectivity of the
F-P cavity mirror. The effect of pulse train extension on inter-symbol interference is also discussed.
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As mobile communication and relative technology devel-
oping, demand on frequency of the wireless carrier in-
creases rapidly, and millimeter-wave (mm-wave) wireless
system is considered to be a promising candidatel!:?].
To utilize the ultra-broad bandwidth of optical fiber,
radio-over-fiber (ROF') technology or microwave photon-
ics has become a hot research and development topic.
Due to the high frequency, incorporation of mm-wave
signal with an optical carrier is a key subject to study.
Impairment caused by fiber dispersion at such a high
frequency is another important problem to be solved.
Apart from the methods based on heterodynel®4!, which
was active methods, schemes using passive components
were also investigated. Levinson et al.%! put forward a
method of generating complex frequency modulated mi-
crowave and mm-wave pulses by using dispersion and
Kerr effect in optical fiber systems. Recently, they also
demonstrated!%! a broad mm-wave modulated pulses gen-
eration with a linear frequency chirp by using two fiber
Bragg gratings (FBGs) and a mode-locked fiber laser.
McKinney research group reported the arbitrary wave-
form mm-wave pulse generation by a direct space-to-time
pulse shaper, such as diffraction grating!” and virtually
imaged phased-array (VIPA)[®], but the systemic schemes
are all relative complex to bring into effect in practi-
cal manipulation. Moreover, we have proposed a fix-
frequency modulation mm-wave pulse generation scheme
by using an apodized Moiré fiber grating in the previous
workl?!. The method has a mature technology and low-
cost.

In this letter, we propose another novel scheme to
transform a Gaussian pulse to a mm-wave frequency
modulated pulse by using a Fabry-Perot interferometer
(FPI) filter. Compared with the method using FBG, this
scheme provides a possibility of tuning the mm-wave sub-
carrier frequency, which is quite important and attractive
in practical application.

Principle of the proposed scheme can be understood
in following two points of view. In temporal domain,
an input short pulse is transmitted and reflected at the
two mirrors of Fabry-Perot (F-P) cavity repeatedly, and
output a train of optical pulse with a repetition rate de-
cided by the cavity length. In frequency domain, an in-
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put pulse with an original spectrum is filtered by the
multi-peak spectrum of the F-P filter; and the output
spectrum is changed to that with two or more peaks,
which will beat each other and generate a mm-wave or
microwave frequency modulated optical pulse envelope.
For quantitative analysis, spectral analysis will be used
in the following simulation; and for simplicity a Gaus-
sian pulse is taken as an example, whose waveform and
spectrum can be expressed as

FEo(t) = Aexp(—t*/272) expiwot, (1)

Eo(w) = VamAr exp[—(w — w0)>r2/2),  (2)

where wy is the central angle frequency, 7 is the 1/e width
of optical intensity. The transmission spectral response
function of FPI can be written as
Te'®
x(w) = 1 ReiZo’ (3)

where T and R are the transmission index and reflectivity
of the two F-P mirrors, ¢ = 2wnd/\ is the phase shift
of a round trip traveling, with an equivalent time de-
lay of AT = 2nd/c, d and n are the length and re-
fractive index of F-P cavity, respectively. Now the spec-
trum of output pulse may be obtained by a relation of
Eout(w) = x(w)Ein(w), and the output waveform can be
obtained by relative Fourier transform.

While an explicit analytic expression of the transform
waveform is not available, numerical simulations are easy
to fulfill. Parameters d = 1.6 mm, n = 1.5, A = 1550
nm, 7 = 3 ps, and VR = 0.95 are used in the following
calculation. Figure 1 shows the output pulse waveform,
which is composed of a train of repeated pulses, and can
be regarded as a mm-wave pulse with a modulation fre-
quency of 62.5 GHz and wavelength of 4.8 mm, according
to the basic relation of f = 1/AT. A high-speed optical-
to-electrical conversion may be used to obtain mm-wave
radio frequency (RF) signal.

It is shown in Fig. 1 that the amplitude decay of
the individual pulse in the train satisfies the function
of I(t) = Iyexp(—t/Ty), which is caused by multiple
reflections. The decay time can be evaluated as

(© 2007 Chinese Optics Letters



January 10, 2007 / Vol. 5, No. 1 / CHINESE OPTICS LETTERS 9

0.010
0.008 |
0.006 |
0.004 t

0.002 m

0.000
-100 0 100 200 300 400

t(ps)

Intensity (a.u.)

Fig. 1. Output pulse from a FPI.
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Fig. 2. Decay time of output pulse versus the FPI reflectivity.

Ty = AT/(InR™Y). (4)

Obviously higher reflectivity of the F-P cavity mirror
and larger optical path of the F-P cavity will generate
longer mm-wave pulse, as shown in Fig. 2.

On the other hand, the integrated energy of the output
decreases with the reflectivity increasing. It is because
that the first reflection at incidence to the F-P input mir-
ror makes a large loss, and also multiple losses at every
reflection of backward beams. The conversion efficiency
from input to output can be deduced as

n=01-R)/(1+R). ()

Therefore a tradeoff reflectivity has to be selected for
higher energy efficiency and flatter top mm-wave signals.
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Fig. 3. Output pulse versus the different initial input pulse
widths.

Pulse width 7 of the input will affect the output wave-
form greatly. Figure 3 shows simulated results when the
input pulse widths are taken to be 3, 5, and 8 ps, re-
spectively, which is understandable by means of pulse
overlapping. In the frequency domain, the phenomenon
is related to the number of beat wavelengths. The insets
in Fig. 3 are the relative spectra of output pulse for input
pulse widths. Larger input pulse width leads to narrower
spectral width, and results in lower extinction ratio and
lower mm-wave power, which may be understood by the
following qualitative analysis. From Fig. 3, the middle
intensity of the adjacent peaks may be written as

Iiia = ‘Ej(tj + AT/2)e! ¢t +AT/2)

, 2
+Eji1(tjy1 — AT/Q)ew(tHrAT/?) ’

_ }Elef(AT)2/87—2ei¢(ti+AT/2)
+REle—AT2/STzei¢(tj+1 —AT/2) ‘2

= E2e2T°/47°[1 4 R 4 2Rcos Ad), (6)

where F; and t; are the jth peak amplitude and related
time coordinate, A¢ is the phase difference between the
middle overlapped points for the adjacent peaks. When
the output pulse from FPI is non-chirp pulse, then the
phase difference A¢ may be described as

Ap = o(t; + AT/2) = ¢(tjr1 — AT/2)
=w(t; —tj;1 + AT) =w(AT — AT)=0. (7)
Therefore Eq. (6) can be simplified as
Imia = E2e 2T/47 (14 R)2. (8)

Using Egs. (6) and (8), the extinction ratio € may be
deduced as

_ L+
2L mia

_ E}(1+R?)
2l

1+ R?

_ AT? /477
2(1+ R)? - )

Therefore, the extinction ratio has a close relation with
the input initial pulse and optical path of F-P cavity,
which should be selected properly. In order to obtain a
good extinction ratio of optical-to-electrical conversion,
the input spectrum should cover two or more F-P reso-
nance peaks at least. Moreover, it is also noticed that,
when the input pulse width is fixed, the central frequency
wp shift of input pulse will bring in little effect on the out-
put characteristics and this is very important for practi-
cal implement.

Since the output pulse train may sustain to a relatively
long time, the tail will produce inter symbol interference
(ISI), which is very bad for systemic bit error rate. Con-
sider an on-off keying format as an example and denote B
as the bit rate of transmitted signal (bit period of 1/B),
the mm-wave energy in a ‘1’ bit can be calculated as

Q(1) o< IyTa[l — exp(—1/BTq)]. (10)
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If its tail extends to the next ‘0’ bit, the unwanted en-
ergy can be evaluated as

Q(O) 0,8 I()Td eXp(—l/BTd).
Then the ISI can be expressed as

exp(—1/BTy) RI/B (12)
1 —exp(—1/BTy) 11— RI/B’

where f is the mm-wave frequency. This formula sets a
limit to the transmitted bit rate, and a criterion to the
reflectivity.

The method proposed by using the FPI filter has a
potential for mm-wave tuning by adjusting the optical
path length of the FPI. Tuning possibility is very im-
portant and attractive for practical applications; related
researches involve some detailed technical issues, which
may be described in another paper.

In conclusion, a novel scheme has been proposed to
transform a short pulse to a mm-wave frequency modu-
lated pulse by using a FPI filter. Characteristics of the
scheme, including modulation frequency, decay time, and
energy efficiency, are discussed. And the effect of the ini-
tial input pulse width on the output pulse waveform is
also studied. The proposed method is believed useful in
ROF and microwave technologies.
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